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INTRODUCTION 

In order to improve rotor performance, reduce vibration at 

all speeds, and produce helicopters v.'hose maxirmmi speed is power 

limited rather thnn vibration limited, better methods of rotor 

harmonic airloads computation are needed.  Recent v;ork usin^ di7,i- 

Inl computers to calculate roLor harmonic airloads by inte5ration 

of the Biot Savart relar.ion over the vortex mki has resulted in 

much better agreement v/ith experimental airloads than classical 

uniform inflow tlieories (Refs. 1 and 2).  This work has also shovrn 

that the tip vortex is the source of most of the bisher harmonic 

airloads since it is the most concentrated vortex in the wake.  To 

obtain further improvements In roior airloads nrediction a better 

knowledge of the tip vortex geometry than the classical skewed he- 

lix is necessary.  To validate theoretical computations of the tip 

vortex geometry some good experimental data is needed.  The object 

of this study is to provide such experii letital data by emitting 

smoke from the tip of oie binde of a two bladed rotor mounted in a 

wind tunnel so Chat the smoke is entrai icd by the tin vortex.  The 

resulting smoke trace is photographed by a nail of cameras and a 

data reduction procOSO is used to eliminatr lens distortion and 

parallax. 



1.  EXPERIMENTAL AFPAIATUS AND TECHNIQUES 

Tho ■ppamtlll Ml I two bladed, full articulcited rotor 

powered by a DC electric motor and laounted in a low speed, closed 

return wind tunnel. Hot. oil smoke, provided by an external gener- 

ator, was emitted from the tip of one of the rotor blades.  The 

result inj smoke trace was photOgrnphtd by ■ pair of cameras usin,^, 

three synchronised Strohes for Limiting« 

jL._l Hind Tunnel 

A low sneed wind tunnf.'l capnhle of speeds up to 88 ft/sec 

was used.  This Wf I closed return type Inving a 3' x 7.3' test 

section and ■ lr.vi\cr  return rccuion.  Some Drclitninary v:ork was 

done Mini ■ rotor MNKItcd In the rc(nrn ■•etlon because this 
10 >: 14 section rllov/cd the use of I Larger rotor and gatffl better 

fields of viev; for the camerrs.  Ii. waa necessav.y later to move to 

the b' x '/.b1 test section, utlilf a fm-tller rotor, because exces- 

sive turbulence in the return seci.jon resulted in random, unpre- 

dictable varintions in the wnko geonetry. 

1.2 Rotor 

The rotor radius (R) was 22.67 inches measured from the 

center of rotation.  The flnppin^ hlnga offset was,1.3 inches, the 

Lagging hin^e offset was 2.3 inches, and the root cutout was 6.5 

inches.  The blndes had zero (wist, a eonatnnt chord of 2.5 inches, 

and a constant NACA 0015 airfoil section.  Baeh blade weighed 0.97 

pounds, was balanced about Cha l\  chord, and had a moment of inartta 

about the flapping hinga of O.OlS^i alug^ft/aac .  The corresponding 

Locke Niiiiiber was 1.08. 



The blndcr-s vcrc  cons true ted of v;hit;o pine with <i 1/8" x 1/2" 

copper tube burled a long l:he 1/3 chord line. Ihlf tube carried the 

smo'<c from the root cutout to the tip cap. A 5/8 inch vn'de aluminum 

tip cap was used to turn the smoke 90 from the spam/ice direction 

to the chordwise direction.  The smoke was emitted downstream from 

a V x V' hole cut back ^  inch into the trailing edge of the tip cap 

and located 5/16 inch 5n fron the blade tip (see Fi';. 1).  An alter- 

nate configuration was trJed where holes were drilled in the copper 

tube through the upper surfnee of the blade along the entire sonn of 

the binde and where, ins lead of a \  inch hole in thfl trailing edge, 

the tip cip hod many sm-'ll holes drill« d in its upper and lower sur- 

faces.  This Mai Intondod CO thou the location of the inboard por- 

tion of the Moko but: the only clenrly defined vortieity that could 

be observed wns the tip vortex and thil approach wns abandoned. 

A four bladed rotor hub was used although only two blndes 

were mounted on it for the Initial tr-sls reported here.  Both flap- 

ping and lead-i.-ig froadon wai provided with ihe flapping hinga in- 

board of the load~lag hinga (see abovo)« Tharo wai no iwaah plate 

and binde pitch could only be changed when tha rotOV waa stopped. 

The hub was mounted 60 inches fron tha wind tunnol floor on I 

hollow steel lhaft«  The phaft was in ehe middle of the tunnel and 

ran from a motor nountad below tha tunnel floor to n baaring moufit- 

cd above the tunnel cailingi  Bnoka entered the hoi lo*-; thaft through 

a i-otating seal in tha upper bearing aaaanbly« The anoka was trans- 

ferred from I fitting 00 the upper part of the hollow shaft to the 

inboard end of the cooper tubing at the root cutout of the blade bv 

a piece oT flexible plaatic tubing«  Since the flapping and lend- 

ing hinget were inboard of the root cutout tha pinslic tubing flexed 

due to flapping and Imd-l.-;", notion providing some damping.  To pro- 

vide eoml damping fl dumiy piece of plnstic tube was therefore at- 

tached to the ether binde ns well although no smoke was transmitted 

through it. 



1.3 Smoke Gonerciüor 

The smoke generator waa I lov; pressure contniaer with an 

Internal heating element which vaporized silicone base, high terr.- 

peraLure oil (Mohilsol A) to produce dense, white, nontoxlc smoke. 

To avoid combustion of the oil the yeneid-ui. was slightly ^J-CSS 

than 1 psi^) pressurized v/ith nltrogMli  The nitrogen was also used 

to force the smoke out of the generator, through a condensate col- 

lector to the rotating seal, down th« shaft, through the plastic 

and copper tubing to the blade tip and finally out Into the tin vor- 

tex.  The amount of oil used, the heating element teiuporature, the 

time allowed for the oil to vaporize, and the nitrogen pressure were 

varied by trial and error to obtain a eatlafactory smoke trail. 

y«^   Cameras and Ll^htin5 

Two cameras were used to photograph the wa!ce: a. camera 

mounted on the floor of the wind tunnel just downstream of the 

rotor shaft and a camera outside the wind tunnel shooting through 

a plexiglass window in Che side of the test section (see Fig. 2). 

Since the bottom camera was only 34 inches below the rotor hub and 

even closer to the wake a "fish eye" wide angle lens (Takumax 18 mm) 

was used to provide the necessary field of view. 

Both cameras used Polaroid A x 5 inch film holders and 

Polaroid Type 57 3000 speed black and white film. This film do- 

velops in 10 seconds allowing rapid trial and error adjustment- of 

the lighting and the smoke. When a satisfactory set of photo- 

graphs was obtained, they were rephotographed using Polaroid pos- 

itive-negative film.  The resulting negatives were used to mcike 

enlargements on 8 X 10 inch high contrast: enlarging paper to allow 

more accurate measurements of the smoke trail« 



Thrfie HonGywell Rtrobannr strobe lights were used to illu- 

minate the cmol-.e trail.  Two of the strobrs were placed about 2^ 

rotor radii downstream and a little above the rotor hub at the sides 

of the wind tunnel. The third strobe was placed on the wind tunnel 

floor a little »head ^f the rotor.  The location of the strobes and 

the direction of aim was varied to elim;i.na(:e the strobes and their 

reflections from the photographs as mncb as posf-ible while provid- 

ing maximum Illumination of. the smoke.  Those portions of the wind 

tunnel wall and celling photogmphcd by i-he cameras were painted 

with a blade paint containing ^ar;',c; amoontf of carbon black to min- 

imise reflectionr-. and to provide a contracting background for the 

smoke. 

To provide simultaneous side and bottom photographs both 

camera shutters were held open manually for about a second and the 

picture was taken by firing the three strobes simultaneously.  The 

strobes ware connected elect'.-! cally to function as a master and 

two slaves.  The matter strobe was fired by I micror.-.'i tch mounted 

on the rotor shaft: which wai adjusted to provide photographs at the 

desired blade asslnuthal posiiion, typlcall) with Cha smoke emittin;; 

blade pointed upstream. 

l-iA.. Opera tints Procedure 

The basic variables were wind speed (V, feet/sec), rotor 

an'.ular velocity (J)., radlans/scc), rote, shaft BUftle (a, :.'adians) , 

and collective pitch (0, radians).  The rotor Shaft angle 0 was 

very difficult to change since the upper herring asse iMy had to 

be relocated and new holes cut in the wind tunnel fJoor and ceiliiv, 

for the shaft« All runs wen' therefore osde with the shaft tilted 

8 3!)':,5, from the perpendicular, Into (he wind (o ■ -»- .l-M), see 

Pig« 2.  At about 500 rptn the shaft Started to vibrate excessively 

so all runs wore made at 400 rpn (<ft : 42 radians/sec). Higher 



rprn  could h.ivo  liccn  .uhiovid by  adding MIOthAt bMVlng  liiside   the 
wind   i.unnel but  the- \;irc.r.  needed   io support   the bearing would have 
disLnrbed  the  flo<.; around  tlie rolor.     The desired advance ratios 

^ Z1 fi iul     ) vere  therefore obttinnd by Varying v;liid  tunnel speed 
(V)   with  Jl   hold  constant.     Tbe desired   thrust   (C„, whan  nondimen- 
slonaH/.rd by  yonR*ji. R    )  MM obtained  by varying the pitch  (0). 

To make a  set   o? rutir  the firs I   ttnp v;ar.  to set  the pitch 
(P)   of  encb blade.     Due   to play   in   the rotor  hub neehanlan the 
estiiuaicd error  la settiu , P v.-,:;   I   3U1.     the next  step wai  to run 
the  rotor at  400 rp'.n  In hover,  and  use I   strobe to ehack  tbe blade 
tracking.     If  necessary,   the  pilch  of oue  oT   the  hi rides wat  ad- 

justed to laprovn traeklngt   Onea the tracking In hover waa sat- 
IsCactory  tlie  smolce p.encjator waa vanned  up,   teatad|   and  if nec- 
essary,  adjusted   to  ;;ivo  a   sntisfaetory   iaM>ka  trail.     Then,  with 
the rotor runnin'» at  300-^:00 rpm/the \.'iiid Una  turned  on and  run 
up   to the desired V as  —aHired by a hot-\,Tire.    The rotor rpn vaa 
adjusted  to ^00 ±  10 naing the strobe,   (lie  blada tracking v.'as 
checked, and  the \;lnd  speed v:as checked  again«     The nitrogen valve 
was   opened   to force  the  S'ioko out   the  blade   tip and vfaeu  I   satis- 
factory trail was achieved   the lights were  shut ofl   and a  set  of 
photographs was  taken«     The photographs were checked   Inmedlately 
and   U  tlicy were n<»t  satisfactory   the  li^htin ; and/or  suio'ce v;as 

adjusted as noeeeaary«    Mien aatlafaetory photographa were ob- 
tained another photo .raidi Mai taken utlng the side eaaiera only 
and  a  flood   11',ht   Instead of the  strobrs   to detenaine   the  tip  path 
plane  Inclination relative  te the free strea.i (1)« • 



2.  DATA RKDUC'ilÜW 

• 

The dntn  reduction Involved removin^ two kinds of distor- 

tion frot.i the photograph:  the disLortion due to the "fish eye" 

lens used on the bottom camera and the distortion becnuse the 

MMWM were not infinitely far av'ny from the »fno!:e trail (paral- 

lax).  The desired result was a set of drawings of the smoke trail 

as seen by observers at infinity loo\in^ down perpendicular to the 

tip path plane and looki.n.-, from the side parallel to the tin path 

plane. 

The coordituitec of the smoke trail in the side photo^raphr. 

were measured relative to a set of rr.:cr,  mounted on the wall of the 

wind tunnel opposite the side camera, see Flf». 2.  This side co- 

ordinate system consisted of a pair of alu'iinum hire with one inch 

markings mounted parallel to the wind tunnel wall with one bar 

parallel to the wind and the other perpendicular to the wind. 

The coordinates of the s.nokc trail in the bottOM photo- 

graphs were measured relative to a coordinate ^rid no.mtcd on the: 

cell in; of the wind tunnel, see FI ;. 2.     A coiuplete grid of 2 

inch squares was nyed for tha hot to., coordinate system instead of 

the simple bars usid for the side coordinate system because of the 

"fish eye" lens distortion of the hotto,; camera.  Since the co- 

ordinate Jirid was distorted by the lens in the sainc way as the 

smoke trail, tha distort ion of the cmokc trail due to the lens 

was removed by mcasurlir', the coordinates of the tmokc trail in the 

distorted bottom photograph relative to the ßrid apoearin* In the 

background and plotting the result on normal rectarrjular gr; ph 

paper. 

To elimincLe parallax and detennine the correct three di- 

mrnsioii.il coordinites of the smoke trail It was necessary to lo- 

cate correspondin', points on the side and bottom view photographs. 



For cnüily identified polnta such cc the rotor hub and the blade 

tip this was relatively easy. On the smoke trail, hov/ever, spe- 

cific points could not be so easily identified.  The solution was 

to construct the line of si^ht from the lens of either the side 

or the bottom camera to a point on the laagi of the smoke trail in 

the plane of the correapondin.', coordinate system. A set of simi- 

lar lines of si'^ht was then constructed from the lens of the other 

camera to a series of points on the image of the smoke trail in 

the plane of the corresponding coordinate system until one of these 

lines intersected the line from the first camera.  This in*erste- 

tion was then the actual location of the point on the smoke trail 

correaponding to  the points on the two images of the anoke trail, 

see Fi^. 2. 

Initially this process of constructing; liner, of Bight| find- 

in; the intersections, and computing the three dimenaional coor- 

dinatea of the intersections was done uaing a digital computer. 

Since the discovery of an exact Interaection of two lines of si:',ht 

was very unlikely in a finite number of attempts the computer cal- 

culated the miss diatanea (diatance of closest approach) for each 

pair of lines of Bight it was asked to inveatigata and r.earchcd 

for local mini'iuuir. in the miss distance.  For each local minimum 

in the miss distance the three dimensional COordinatea of the mid- 

point between the two lines of Bight at their closest approach was 

computed and transformed into the desr'red tip path plane referenced 

coordinate system.  It waa anticipated that, once sufficiently 

small miss distances were achieved, an accurate set' of coordinates 

would be obtained.  Minimum miss distances of less than 0.1 inches 

(some as small as 0.001 inches) were obtained for uratically every 

desired point on the- smoke trail, but the results were clearly not 

correct, contain in?; kinks and even loops which did not appear in 

the photographs.  Investigation proved that these results were ex- 

tremely sensitive to errors in the input data.  Since the precise 

location of the center of the smoke trail on the photographs was 



often a matter of judgement this seemed to make the use of the 

computer impractical. 

To provide a better understanding of the difficulties with 

the data reduction it was decided to conr-truct a physical model of 

the data reduction process.  The model consisted of a rectangular 

plexiglass box with two faces representing the side and bottom view 

coordinate systems and with holes in the two opposite faces repre- 

senting the llde and bottom view caucr.T..  The lines of sieht were 

represented by wires running fron the holes rei>rcr;ent i.ng the cameras 

to points on the fflces representing the coordinnte systems.  Si^ht- 

in"; devices were constructed to determine the three dimensional co- 

ordinates oC the intersection of the wires using accurate grids 

scribed on the plexiglass faeef .  This model Riede it possible for 

the operators to Lnvestlgete S range of possible locations of the 

center of the smoke trail and to choose the correct one.  Unfor- 

tunately the use of this model required a considerable smount of 

judgement on the part of the operators and proved to be very time 

consumsaingt 

The UM; of the model of the data reduction process provided 

some useful insight inLo the problem which resulted in improvements 

in the dats reduction computer program and a better understanding 

of how to use the program« This, improved computer program with 

the aid of the model to determine the best inputs for the program 

in the difficult sreas where the side camera line oE sight is al- 

most parallel to the smoke trail provider sn adequate solution to . 

the data reduction problem. 



3.     RESULTS 

Nine  test rims were conducted using  the  two blnclccl  rotor 
covering an advance ratio range of   /* ~  0.1   to 0.3 nnd C,.,/V 
from .Tbout 0.05   to  0.10.     A   typlcnl   Lest result   for   /i ^ 0.1 and 
Cp/tr  ■ 0.07!)   is shown   in Pig.   3.     Prelinnaary analysis  indicates 
that tiie distortion from the rigid wsko sssunptlon of a skewed 
helix is apprec:Iahle,  alLliou7,]i qualitatively  the-,  results ar;ree with 
theoretical nonrlgld v/ake analysis.     ComplotC reduction  of   the  data 
and coinparisoa with theory is now underway In connection with rin 
associated research program and results v.nll  be ready shortly« 

In  general,   the  evperimfntal   techniquefl developed  in  the 
course of this prograe havf proven to be successful and Invaluable 
as  a means of   providing  correlation with  the very difficult  cinalyt- 
ical treetmant required  to predict the actual tip vortex geometry, 
which  is   evidently  highly distorted. 

10 
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